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In the last years, the interest for renewable energies has skwn a continuously increasing
trend, in search of a convenient and sustainable source alteative to carbon and fossil
fuels, also due to government incentive systems, as can be &n for example in the
objectives proposed by the EU 2020 target. In such context, rarine energy sources
are particularly attractive, both for the high conceptual eailable resource and for some
speci ¢ technical characteristics, such as a more predictdle behavior with respect to
other sources like wind energy. The work here presented resues the experience gained
over more than 20 years of activities conducted at Departmetrof Industrial Engineering of
the University of Naples “Federico Il,” in collaboration ti research consortium Seapower
scrl, in the eld of ocean renewable energies. The work referto several case reports
related to different projects in which the research group hs been involved. Two main
energy sources have been investigated, namely tidal currés, and wave energy, through
the development, among others, of two different projects rported in this paper:

« GEMSTAR: asubmerged oating tidal current hydrokinetictirbine system (an evolution
of GEM turbine)
» PIVOT: a wave energy converter (WEC) based on a pivoting buoy

GEMSTAR is a project which is at Technology Readiness LevelRL) 7 being the rst
prototype tested in real eld while PIVOT is at TRL 5 since thdull-scale prototype
has been tested only in controlled environment. In any casedth projects are still in
development, evolving to more mature technology levels. Eharticle reports the two
case studies related to the above-mentioned systems at the psent development stage
along with the resource assessment of both energy sources iMediterranean area.

Keywords: tidal current energy, hydrokinetic turbine, oa
conversion system

ting marine turbines, wave energy, pivoted buoy

TIDAL CURRENT ENERGY CASE STUDY: A PRELIMINARY
ASSESSMENT ON TIDAL CURRENT ENERGY RESOURCE IN THE
STRAIT OF MESSINA

In the last few decades, the technologies to exploit the kirestergy ux in regions of extreme

tidal current provided very interesting results. Severahvarsion systems have been designed and,
in some cases, installed or are undergoing full scale ggtia pre-commercialization stage. The
development of “green” o shore power plants is particularly i¥aging in countries facing oceans

Devices for Mediterranean Sea.
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where the greatest wave and tidal energy potential is found, In this paper, four dierent current turbines have been
but it appears to be still relatively slow in semi-enclosedonsidered:
sea as the Mediterranean. In this context a detailed marine )
S - MCT SeaGen (a);
energy assessment becomes a priority, in order to maximee th

potentiality of area still economically valuable, but whineer Kobold (P);
amounts of energy are availabléelferti et al., 2018 GEM (c);
' Verdant Power (d).

This is especially true for countries like Italy having rilaty
long coastlines. Nonetheless, in literature, there arg soine  For technical specications of considered devices, refer to
production estimates for the Strait of Messina, placed in th&urbine (2012), Coiro and Nicolosi (1998), Coiro et al. (2509
broader context of the estimation of marine energy resosiioe andReinecke et al. (201.1)

Europe. In order to have comparable estimates, it was assumed that all

The choice of the Strait of Messina is very attractive bothhe individual units have the same maximum power of 1 MW.
for the prototypes deployment and for the establishment offhe dimensions of the structures were in a rst approximation
production farms of medium and large scale, due to the averaggroportionally scaled to the diameter of the turbines. The attu
high currents and suitable meteorological and oceanog@phidimensions could aect the density of installation (i.e., the
conditions (see for exampl&l-Geziry et al. (2013)which maximum achievable number of turbines per Knand therefore
also indicates possible environmental impacts of marine @ner the overall production at a given site. The implementatioredlst
systems). Other locations exhibit less attractive charéstics, and the consequences on the feasibility of individual fanwese
such as the lagoon of Venice where lower values of maximumonsidered negligible in this general production estimate.
water currents and greater interference with the navigatio In lack of detailed information for all the systems and in
reduce the cost e ective project to develop tidal energy aurre order to have uniform assumptions for all the considered desic
farms. The channel of Bonifacio, between Sardinia and €arsi an assumption has been made on the electrical conversion
also shows interesting energetic features, but it is leabder e ciency. A total e ciency of the transmission line equal to
as its severe meteoceanographic conditions and deep waters 80% has been taken into account, as representative for thalglob
cause installation and maintenance issues. electric conversion system (generator, conversion systemd

In 2013, a study, summarized in this paragraph, has beetmansmission of energy). Considering the power coe cie@k.,
performed byCoiro et al. (2013)in cooperation with the Italian as representative of the conversion from current kineticrgpe
research institution ENEA, with the aim to assess an overatb mechanical available energy, the overall e ciencies regub
estimation of the possible energy potential available in thaitS in Tables 1 2 have been considered.
of Messina. The main purpose of this work was to provide Moreover, some assumptions on space occupation have
site-speci ¢ production estimates associated with the use dfeen made, details are provided oiro et al. (2013) and
marine current energy, considering various possible devdogls some speci ¢ possible installation ared&gure 1A) have been
geometric, environmental, and navigation limits. In thisidy  considered, within the Strait zone, taking into account also
some simplifying assumptions are adopted. To have comparablienitations due to local naval tra c.
estimates of the di erent tidal current devices, it is assdrtteat
all the deployed units have the same maximum power equal
to about 1 MW. Available current information is analyzed to i i

. TABLE 1 | Power coef cient and total ef ciency assumed for the selectedcurrent

de ne the average current energy potential and to address thg, . ..

problem of its exploitation. Geometry assumptions have also
been conducted, considering that geometry is a strong liotihe ~ Device Power coef cient Total ef ciency
tidal farm e ciency and extension. Anyway, such study nexge "
some speci ¢ siting issues (for example eventual presence 0
obstacles related to device mooring), giving only a gereraigy
potential estimation.

Several tidal energy devices are considered, assuming soMi
performance parameters.

For a device in an open water ow, as discussed later ifaBLE 2 | Annual energy production assessment according to selectecurrent
this paper, the performance can be described with su cientturbines-Method of farms.
approximation by a cubic power curve:

?TSeaGen 0.46 0.80.46 D 0.37
bold 0.30 0.80.30 D 0.24
GEM 0.75 0.80.75 D 0.60
réjam power 0.34 0.80.34 D 0.27

Device Density Power Annual
(unit/km 2) (MW) energy
1 (GWh)
PD = V3SG

2
MCTSeaGen 40 263.2 175.0
where . is the average density of the water, V is the currenkebold 36 150.1 100.2
speed, S is a reference surface &dis the power coe cient, GEM 23 235.2 155.2
a measure of the e ciency of the current devicstpddard and Verdant power 16 103.1 67.9
Eggleston’ 1987 Mean annual production 124.6
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Goggleear

FIGURE 1 | Strait of Messina installation areagA). Typical yearly time history of current velocit{B) and superposition of several daily current speed pro le higlighting
a daily peak sequence pattern(C). Data are related to two different sites of the Strait{B) reference sitePunta Pezzq (C) lower speed sitePunta S. Raineri

With all the above indicated assumptions, an estimation ef thwhere V0 is the velocity in the secondary locatioW, is the
overall energy, potentially available for the di erent caleied velocity at the reference sitejs an appropriate site-dependent

devices, has been obtained. scaling factoryCis an empirical o set. Admiralty tide tables give

. . . the local peak current speed in some known secondary locations
Tidal Current Estimation assigning the related correction factox&(celli, 192%
Production assessment is generally based on site-specrertu  Fyrthermore, on-site current measurements may provide

measurements. Design data for the present analysis were baggrmation at additional locations. In particular a SonTek
on the tide tables of the Strait of Messina, for the year 200Argonaut XR ADCP was installed at a water depth of about 20 m
(Marina, 2003. In general tide tables are referred to a speci ¢(Figure 10), from the 17th of March to the 20th of April 2010,
reference site where information is provided on slack watet a jn proximity of Punta S. Raineri (Messina). These data have bee
maximum expected currents (both ood and ebb). In particular, assumed representative for Villa San Giovanni and S. Rasiteri
the reference location for the Strait of Messina is Punta ®ez3yhere information was missing frormlarina (2003) In general,
(38 1400°N; 15 3800PE). two main daily peaks are present.

From the available data it was pOSSible to reconstruct the tim Using the reported data’ it was possib|e to derive near surface
series of current magnitude at Punta Pezzo throughout the,ye peak velocity at secondary locations.

as shown inFigure 1B For a more detailed current prediction

and consequently power assessment, data related to the peﬁlﬁ

and to the calm have been interpolated, adopting an hermitia e Method _Of Farms ] ] o

cubic interpolation to preserve the shape. A typical pattern iAmong the possible approaches to available potential estimation

evident in the area, formed by the succession of semi-diurndn this study the so called method of farms has been considered

cycles, with approximately monthly variation of the local peak ~ With the method of farm, the productive potential of a site

In particular, four peaks happen per day with two direction occupied by several dewcgs is agsessed by the occupatlotyden§|

inversions. The peak speeds vary throughout the year accg)rdi,q]ependent on the overall dimensions of the system as assumed i

to typical luni-solar tides but the current is always sligtiigher ~ the present work. _ o

in the descending direction (from Tyrrhenian Sea to loniaa$ From a practical point of view, it is assumed that farms
Assuming Punta Pezzo as the reference site, it is possible 32 installed in feasible areas of limited size not too famfro

determine tidal time (slack and maxima) and peak values insomth® coast, to avoid interference with naval operations and in
secondary locations of interest. In particular, it is possitde Order to facilitate installation and maintenance operationse

assume a linear relationship as bathymetric contour line of 50m is taken as the minimum
achievable water depth for the installations. This depthemlity,
voD VOOC rVe is characteristic of each specic system and such value has to
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be considered as a rst guess only. The maximum water deptbonditions. The power connection is provided by means of a
at the site is also a limiting factor, related to the complexity power cable, passing along the mooring cable and extended up
installation and operation. Increasing the depth of the sieams to an on-shore grid connection point.

increasing the installation and maintenance costs. In thespnt The three bladed rotors have been developed at the University
study we assumed an indicative maximum limit of 150 m wateof Naples and designed to reach a high e ciency in a relatively
depth. wide operating conditions range, using a properly designed

Table 2 shows the potential production rate, obtained byairfoil section shape to avoid cavitation. The turbines have
adding energy production for all the suggested areas djeen intensely tested both in wind tunnel and towing tank
installation, under the above stated assumptions and witeda experimental campaigns. In a possible con guration a di user,
power rescaled to the value of 1 MW to obtain comparablelso developed at the University of Naples, is placed around
results. The estimated results are only a fraction of theltot each turbine with the aim of enhancing the energy conversion
theoretically energy available in the current, as a consegel process by increasing the mass owing though the turbine swept
of the restriction to plant space occupation imposed in order toarea. After further investigations, a solution with barebimes
comply with practical operational constraints. (without di users) will be considered in the next GEMSTAR

All the considered devices show promising results, at leastevice for a cost e ective implementation of the system.
according to available data. However, the specic cost of the The development of the system started in 2005 and,
selected turbines should be carefully evaluated. The aost cafter preliminary numerical analyses and design work, many
be signi cantly di erent between one system and the otherexperimental tests have been performed on di erent systems
regardless of their production capacity. In particular, thetoof ~ characterized by di erent scales. In 2005 tests were perfdrme
installation and maintenance must be taken into account e w on the bare rotor turbine model with 1.2 m diametéroiro et al.
as any possible impact on navigation and shing. In other words(2006) Bare and shrouded turbine performances were compared
the nal criteria to select a tidal turbine with respect to gher,  after a series of tests performed in in the years from 2008 1620
for the installation in a speci c site, are driven by factolat (Coiro et al., 200p The complete oating system was tested in
can totally reverse the order of choice due to the mere gater two test campaigns on a 1:20 scaled model (2010) and on a 1:8
of the energy production assessment. Detailed knowledge setaled model (2011%¢herillo et al., 20)1A full-scale prototype
production units and their characteristics, as well as a prielary ~ with 3 m diameter rotor was manufactured, deployed and tested
current assessment in the speci c installation site are sesgy in 2012 Coiro et al., 201
for nal evaluation. The main results of the experimental test campaigns,

performed at dierent project stages, are reported in the
following paragraphs.

TIDAL ENERGY CASE STUDY: GEMSTAR,
SUBMERGED FLOATING HYDROKINETIC Bare and Shrouded Turbine Experimental
TURBINES Tests

GEMSTAR System Con guration In order to characterize the behavior of the system in di eren
GEMSTAR system is an evolution of GEM system but, irPperating conditions, experimental tests were performed i th
what follows, we will also refer to the original GEM systemtowing tank on isolated turbine as well as on two di erent scale
It is composed by a tethered oating structure, supporting twomodel of the full GEM system. A rst experimental campaign
hydrokinetic turbines, with the ability of self-alignmentitty ~ was carried out on a single isolated, reduced-scale hydiurte
current stream. It may be equipped with a self-towing winch;~ Which is the main component of the GEM system—uwith, and
which is capable of setting the desired operating depth. Opegati Withouta shroud. In fact there have been alarge number of maper
underwater, it has a limited impact on navigation. The systentegarding shroud e ect on bare turbine, see for examptgs,

is moored at a single point on seabed, allowing the rotation of£981; Van Bussel, 2007; Polagye et al., 2011; Shives arfo@aw
the oating structure in response to current direction chang 201) butareal and complete cost-e ective analysis has probably
and may reduce maintenance cost and simplify deploymeritever been performed.

operations: by releasing the winch mooring cable, the system After a rst set of tests performed in air in the wind tunnel
be raised at surface for easier maintenance. A CAD drawitteof - facility of the Department of Industrial Engineering of Unisgty
GEM con guration is shown irFigure 2 of Naples, a second session of experimental tests has been

The system is sustained by the buoyancy provided by gompleted in the towing/wave tank belonging to the same
streamlined axial-symmetric oating body, placed at the mfp Department and the experimental results will be reported in the
the structure. Stability and oscillation damping are improwiy ~ following paragraphs.
means of tail ns mounted on the oating body. Two generators
are installed on board and mounted on the turbines shaft&Seneral De nitions
through a gearbox. Each generator is electrically comtdoly ~ Prior to presenting tests data, some useful de nitions of
an inverter, both for grid connection purposes and in order todimensionless quantities are recalled here. These coetsiare
attain optimal working conditions at di erent current speed. widely used further in this paper to discuss about the power
Suitable control logic is also needed to pursue optimal opegati generation system characteristics of the GEM.
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Floating
Hydrokinetic Support
turbines structure
Swivel and cable
attachment
positions
Mooring
cable
Mooring
anchoring point
FIGURE 2 | Schematic view of GEM con guration.
In general, a turbine is a device that works at a given rotetio  Model Set-Up

speed whenimmersedina uid stream of spe&t The desired
e ect is the establishment of a torqu@ that keeps the blades in
rotation and brings about the generation of a mechanical powe

PDQ

An important state variable of the turbine is the Tip Speed Rati
TSRD RV, i.e., the tip speed R non-dimensionalized with
respect to the current speed R being the turbine radiughe
power coe cient (or turbine's e ciency) is de ned as

Cp D P=0.5 V3A)

Support structure and actuation system
An initial test campaign has been performed on a single isdlate
turbine to characterize the behavior of the power conversion
system prior to the installation on the oating system. The
turbine was mounted on a submersed pole connected to the
towing tank carriage by means of a support structure capable
of placing the turbine shaft at the desired depth. During tests
the towing cart was operated at a constant speed simulating
a given relative current, the turbine shaft was actuated by a
controlled motor in order to achieve the desired rotatiospked
and operating conditions.

The assembly consists of a hollow tubular steel mast of length
of 2.46 m whose circular section has an external diameter of
114mm and inner diameter of 108 mm and it could rotate

whereP is the power generated (measured or estimated), V is th@"ound its axis in order to test the device with a xed yaw ang|

asymptotic speed of the uid stream (in this case, the steddies

respect to the oncoming water current. A frame built by selvera

traveling carriage speed),is the area of a reference surface, angvelded tubular square sections xes the tubular mast in aivait

is the water density. Similarly, the torque coe cient is ded
as

Co D Q0.5 V?AR)

whereQ is the torque (measured or estimated), at the turbine

hub. Finally, the thrust coe cient has the following expremssi

Cr D T=0.5 V2A)

position.

Measurements have been made using a torque-meter of
226 Nm (2,000 Ibf-in) of full scale range, with an accuracy
of 0.1% FS. Also, a load cell with 5 kN FS was installed
at the end of the transmission shaft to measure compressive
or traction loads produced by the rotor. A ducted turbine
con guration, i.e., with a di user (shroud) placed around the
turbine, has been developed and tested in order to study the
possible increase in conversion e ciency. Basically, theogtr
is an annular di user with a streamlined cross section. A high
lift airfoil has been used for the cross section shape of the

where T is the turbine thrust, that is the axial force devetbpe shroud.

by the device immersed in the ow and functioning at a given

TSR. The ared in the above de nitions is always taken
coincident with the bare rotor disk surface area, both fa tare
turbine and for the di user-augmented one. This is important

when comparing performance of di erent solutions in terms of

e ciency.

A controlled motor is set up to control the desired rotatidna
speed, a torque-meter measures the turbine torque, and leitl ¢
measure separately the axial forces experienced by the &urbin
and by the di user immersed in the ow.

Figure 3A represents a picture of the test set-up installed in
towing tank, with the support structure for the shrouded tumbi
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FIGURE 3 | Single turbine test system mounted on towing tank carriag€A). Power coef cient for single isolated turbine. Comparison tween bare and ducted
turbine ( D 26 ). Relative speed 2.0 m/s(B).

able to rotate around its vertical axis to test the deviceathb and 7,30,000. The e ect of the diuser on turbine apparent

axial and yawed ow conditions. e ciency over the whole range of SRs is shown inFigure 3B
The maximum power coe cient reaches an almost double value
Shroud and turbine geometry with respect to the case of bare turbirféigure 4A reports the

The shroud is realized as an axially symmetric revolutiodybo e ect of yaw misalignment oi€p, clearly showing a reduction of
generated by an airfoil shape set to a proper inclination arfgle. conversion e ciency at increasing yaw angle.
characteristic angle associated to the shroud geometngiarigle It may be noted that the apparent value of {@g exceeds the
formed by the chord of the airfoil-shaped annular cross secti Betz limit, with the assumed value of the reference aredifer
of the shroud (taken with a radial plane) and the turbine axisdisk area). If the exit area of the di user is used as reference f
Two geometries of streamlined shrouds have been testeske thehe de nition of power coe cient, the maximum value is limii
geometries had the same annular cross section, i.e., the sato a lower value.
airfoil shape, but with di erent airfoil chord angles, D 23 and
D 26, respectively. Thrust coe cient. A comparison of thrust coe cient plots vs.
The tested turbine had a diameter of 0.6 m and a chord lengti SR is reported inFigure 4B They are relative to di erent
of about 0.05m at 75% radius span and was coupled in somarbine con gurations (bare rotor, ducted rotor with D 23,
tests with a shroud. In the case of the shroud with maximunducted rotor with D 26 ). The values ofCt are relative to
inclination angle (26), an exit diameter of 0.812 m was used. Thethe thrust acting on the rotor only. These data are consisyentl
di user throat section was slightly larger than the turbineski  evaluated by taking the reference aveas the frontal area of

(0.62 m diameter). the bare rotor disk. It is observed that in presence of the deus
the rotor features a sensibly higher thrust coe cient withspgect
Tests on single turbine to the bare rotor case. This experimental result does noteagre

Power coe cient.The main results of the tests on the turbine arewith the hypothesis made in some studies reported in literatur
reported in terms of non-dimensional coe cients. Prelimina (see for examplgan Bussel, 200/who claims that the thrust on
numerical and experimental results show that, between ttee twthe rotor remains the same even if it is ducted, but the obsdrv
considered shroud geometry the most e ective in terms of powepower performance increment, on a ducted turbine, is essiyntia
coe cient increase is represented by the con guration with due to the extra mass ow through the rotor. However, further
higher section angle D 26 . Such shape has been considered fomvestigations and validations of numerical and experinaént
further analyses and tests. It is worth to specify that bladehpi analyses may be useful on this topic.

angle has been kept always xed without any attempt to optimize For the design of GEM system, the estimation of thrust acting
its value in order to increase the maximum e ciency, sinceeth on the di user supports has also an important role. The di user
main goal of the tests was the investigation on di user inst&n  only thrust coe cients (Crs), referred to the swept area of the
e ect on bare turbine performances. The Reynolds numbenotor [CrsD T¢/(0.5 V2A)], have been measured and estimated as
based on airfoil chord and on relative airfoil velocity, sl®a  function of TSRfor two shrouded turbines with di erent di user
signi cant variation across the operating test range, maiille geometries ( D 23, D 26). It is observed that the di user
to the variation of rotational speed. For a ow velocity of 2.0thrust coe cient reduces almost linearly with increasifigSR
m/s, assuming a reference chord length equal to the bladedchoFor the 23 shroud,Cqs varies across the explored TSR interval,
at 75% radius span, the Reynolds number of the representativanging from a value of abou€tsD 0.92 at TSRD 0.8, to a
blade section spans the approximate interval between 1,20,008lue of CrsD 0.66 at TSRD 5.7. Such behavior may be due
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FIGURE 4 | Effect of yaw misalignment on ducted turbine ( D 26 ) on measured power coef cient. Current speed 1.5 m/s(A). Comparison of measured rotor thrust
coef cients for 3 different con gurations (bare rotor, ducted rotor with 0 D 23 , ducted rotor with 0 D 26 ). Current speed 2.0 m/s(B).

to a ow reattachment on the di user inner side promoted by dependent on carriage speed; a schematic of the forces acting
the turbine induced ow. A similar trend may be observed for on the system is illustrated ifrigure 5B The tethering cable
the 26 shroud con guration, with higherCrs values, ranging arrangement in steady ow is an important aspect of the tested
approximately fromCrsD 1.12 at TSRD 0.81 toCisD 0.78 at  device. In the towing tests, an immersed steel frame stractu
TSRD 7.2. xed with the running carriage simulates the seabed sirmb@t

An important observation, from the design point of view, is anchorage (represented by poitin Figure 5B). The model is
related to the signi cantincrease in thrust on the turbigieuser  connected via the cable to the running anchorage point. A winc

assembly with respect to the turbine only con guration. located in pointA allows to release or to tighten the cable and,
consequently, to position the model at the desired depth in the
Tests on full model in small scale tank.

GEM tethered model set-up this section the main results cparacterization of the submerged tethered syfeming the
of towing-tank tests on a reduced-scale model of the entirg,cic the following data are monitored and measured:
GEM system are presented. These tests were mainly aimed at

characterizing the steady-state conditions and the rdlamver (i) Torque and angular velocity of the left-hand-side turbi

production performance, and to study the stability and the  from which the total output power is estimated, assuming

dynamic behavior of the whole scaled system in di erent pdesib ~ Symmetrical operating conditions;

operating conditions; for example, some o -design conditions(ii) Mechanical tension on the tethering cable, measured by a

were also examined, such as those caused in real situatjars b dedicated load cell;

abnormal shut-o of one turbine. (iif) Trim of the GEM system with respect to a reference frame
In the GEM system design two counter-rotating turbines are ~ xed to the tank oor, by means of an inertial platform.

mounted at Fhe sides of the .main qating body. The modgl usqus seen from the schematic shownkigure 5B, in steady-state
in the tests is scaled by 8 times with respect to a possible re?Jc'mdition, the equilibrium is guaranteed by the cable tension

scale_- installation_ of the GEM, and is shown fiigure SA. It . forceTc, the net buoyanci (buoyancy force minus weight), and
consists of a oating submerged system made up of two bOdIeﬁ;'e total horizontal forcé

the upper body serves to produce the necessary buoyancy force

while the lower body accommodates instruments and auxiliar

devices. The upper body is also equipped with two ns formin

an angle of 45 with the longitudinal plane of symmetry. A

“V tail” con guration has been used for the tailplanes witheth

aim to improve the necessary lateral stability of the systath a Fq

to allow the regulation of the body's pitching trim at stabéd Co D 1 v2gy

advancing speeds, while reducing the possible interferertte wi 2

turbine wake. Di erent tail con gurations have also beents  whereSis a properly chosen reference area. For this application

throughout the campaign. the assumed reference are&igD 2A, i.e., twice the turbine disk
The GEM scaled test model had an overall length ofrea. The cable tractiofic balances the vector sum of total drag

3.55m with a turbine axes distance of 1.13m and an heigtfy and the buoyanc.

of 1.84m. At zero carriage speed the turbine axis was set Experimental values of power and torque coe cients plotted

at 1.65m below water surface, while the nal axis depth isys.TSRare shown inFigures 6A,B respectively. While the data

'‘Based on the cable tension load and on the knowledge of
the buoyancy, the total horizontal drag developed by the whol
gsystem may be estimated, which in non-dimensional form is
expressed by the total resistance coe cient:
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FIGURE 5 | The GEM reduced-scale model tested in the towing-tank. Scal 1:8 (A). Schematic of the GEM system in a steady-state condition, imersed in a current
V (due to the advancing carriage speed V); the equilibriumvinolves the cable tension force TC, the buoyancy B, and the tai horizontal force FH(B).

FIGURE 6 | Measured power coef cient averaged values. Turbines with stouds, VD 1.5 m/s (A). Measured torque coef cient averaged values. Turbines with
shrouds, VD 1.5 m/s (B).

in Figure 3B are relative to a single isolated turbine, the latterhas to be noted that, due to data scattering, some di cultées
graphs are referred to the complete small-scale GEM model. kencountered in the estimation of the optim@» and TSR
the same gures, tting curves o€p and Cq are also reported.
The scattered values @ and Cq are extracted by averaging Full Scale Prototype Tests
from the power and torque measured signals sampled at gxperimental tests were carried out on a full-scale GEM
frequency of 500 Hz, for di erent constant rotational speed ofprototype, designed to produce 20 kW of power at a nominal
the turbine rotors and at a xed towing carriage speéd 1.5 current speed of 1.5 m/s. During the eld tests, GEM o -design
m/s. The uncertainty levels indicated on these plots arert@ee operating conditions have been measured as well. This prototype
three times the standard deviation of the sampled values. Thgas been developed, built and installed in a test site in thédéen
two plots reveal that the maximum non-dimensional torque,Lagoon, Italy. The test campaign was supported partially by a
Cqomax D 0.22, occurs at a value GfSRD 3.15, which, as consortium of companies operating in the Italian Veneto Region
expected, is not the sani&SRat which the maximunCp occurs.  and partially by the Veneto Regional Authority.
The maximum e ciencies of (reduced scale) GEM, measured
in the two cases of shrouded and bare turbines, have beéfest Plant Con guration
compared, considering the valuesTBRat which the maxima Prototype general data
occur as well. An approximate maximump@alue of about 0.4 The rst prototype has been installed in the Venice lagoon,mea
has been observed for the bare turbine at TSRO, while  Forte SantAndrea, with a seabed depth of about 25 m. Therayste
the shrouded turbine showed a maximurmp ©f about 0.74 at operated at a depth of about 15 m. Figure 7A a picture of the
TSRD 4.17. large-scale prototype is reported. Operational charactesistihd
Although a high scattering of test data may be observedther features of the system are summarize@able 3
the data obtained from the GEM scaled model tests seem to Starting from the information gathered in the preceding
con rm the results obtained for the isolated turbine, that the research steps, a prototype plant was designed and built-up with
presence of di users nearly doubles the maximum e ciency. Itthe objective to operate in a site with 1.5 m/s speed, gengratin
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FIGURE 7 | GEM large scale prototype(A) and measured total electrical output power (normalized whtrespect to maximum measured power) vs. normalized current
speed (B).

TABLE 3 | GEM prototype geometrical data. current speed (the mooring point is about 25 m below the free
Turbine diameter: DD 3.08m Watgr surface and its horizontgl distance from the QEM). This
. i device allowed the reconstruction of the whole velocity peaf

Diffuser throat diameter: Dg D 3.10m the current, from seabed to water surface.
Diffuser exit area diameter: De D 4.08 m During the tests, the GEM sideslip (or yaw) anglei.e.,
Overall length: LD92m the rotation angle around the GEM vertical axis, the current
Overall height: HDS.2m direction with respect to the North, and the averaged actual
Overall width: SD104m current speed measured by ADCP were acquired.
Weight: (Overall weight including ballast weight)

W D 16,100 kg .

(Steel/composite structure only) Power pl‘OdUCtIOI’] results

W D 10,700 kg The power production has been measured for both installed
Net buoyancy force: B D 51,000 N turbines. In Figure 7B the total measured power is reported
Horizontal thrust T D 45,000 N vs. the measured speed, in order to determine the device
(on the overall system estimated at power curve. These data are relative to a single cycle of
15 mis): constant incoming ow direction, i.e., when the current dng
Working rotational speed: (T;fgige shaftat 1.5 m/s) direction d is almost constant. The data igure 7B are non-

° pm

dimensionalized using the maximum value of velocity obedrv

during a single cycleMmax is about 1.35 m/s, slightly lower than

the device rated velocity of 1.5 m/s) and the maximum measured
ghower for a single turbine. The test campaign presented many

a nominal total power of 20 kW, with a depth operating rang . . .
between about 9.8m (without current) and about 15 m. Thechallenges and the data show a rather wide dispersion. Data

turbine has a diameter of 3.08 m, with about 7.45 swept area ;j|spetr5|on |sdalsot_pa_rt|altlﬁ due toa number ofttrla:(s_ perforrtneld
for each rotor. The adopted manufacturing solution uses oarb 0 Set up and optimize the maximum power tracking contro

ber for the turbine blades and of glass- ber for the di usend procec}urg. .
for the tail-planes, while steel structures are used for thating A binning procedure has been used in order to better analyze

body and the connection frame. Turbine blades and di userthe power performance: it consists in dividing velocity and

design are based on the results of previous aerodynamicrndeseapower measurements into small intervals (bins), for each bin a
studies average value of velocity and power can be extracted. Thugrpow

production data are grouped into velocity bins over which an
arithmetic mean has been performed. This is the same procedure

Measurement equipment and main observed data . g :
The GEM system full-scale prototype has been equipped wittiS€d for determining wind turbine power curve.

a set of devices for measuring several operating parameters:A, rough estlmat!on of global power coe.C|ent may be
mainly, system trim and generator power production data. Thé?Pt@ined by comparison between cubic and binned curves: the
data have been recorded onboard and transmitted via radi to Maximum overall power coe cient @ maxis within the range
remote server. An acoustic speed sensor (ADCP) was installed

in proximity of the GEM mooring point in order to measure CpmaxD 0.6 0.65
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also including mechanical and electrical e ciencies, ,i.e.reports a survey of some site along the Sicilian coast. Hérggfa

e ciency from water current to electrical wire. survey of some results is reported in relation to a site ingastd
Consequently, supposing a generator e ciency offorthe study of a possible installation of the systemin an bare

approximately 0.9 and a mechanical gearing e ciency ofcon guration.

about 0.9, it can be claimed that, approximately, the shaft powe The site location is close to Civitavecchia port on a breakwat

coe cient is within the range 0.76 0.8, which is in good structure. Available data for the assessment are obtairyed b

agreement with previous model towing tank testing. numerical model for wave climate estimatioB&rgagli et al.,
Tests have proven the suitability of the system to operate01). Data were supplied by the Italian research institution

in nominal conditions and the capability to convert e cientl ENEA.

the energy of the ow in mechanical and electrical energy. Available data report, with a 3h sampling interval, the time

In particular, the use of ducted diusers with rotor shroud histories of the following wave climate characteristics, olhi

of optimized shapes has proven to augment power generatiaepresent the sea state conditions:

capability with respect to the simple bare turbine solution.

:\Ionetheless |ncr§ased st.ructurallcomplexny and higheughr Peak Period, 7 (s)

evels due to the installation of di users have to be accodnte Mean Period, T (s)

for, in the overall evaluation of the shrouded con guratiofhis '

has led to GEMSTAR, second generation of GEM, in whichTime histories data of the measured quantities are availaiér

among other evolution, the di users have been removed for @an observation period of 10 years (2001-2010).

cost e ective installation to reduce the Levelized Cost oéigy An overall scatter matrix, which reports the occurrence

(LCOE). frequency of a discretized set of sea states as a function of
The full scale tests on a GEM prototype seem to provaigni cant wave height and peak period, may be obtained by

the feasibility, reliability, stability and e ciency of #1system. post-processing time histories dafégure 8).

Further research studies will aim to the development and . o

validation of an accurate simulation model capable to design SyStem Operating Principle

GEM system for higher rated power. Three hundred kilowattThe system consists in a point-pivoted buoy that is put in

GEMSTAR prototype will be deployed in Messina Strait in 20200scillation by the incoming waves. The buoy is hinged through
supporting arms to a xed structure. Another hinge, placed
on the oscillating arms, provides the connection with the ball

WAVE ENERGY CASE STUDY: PIVOT, screw based electro-mechanical generator, in such a way to

PIVOTING BUOY WAVE ENERGY SYSTEM allow generator rotation according with the buoy osciltati The
rotational motion of the pivoting buoy is transformed into ¢h

A second test case is considered in relation to possible maringanslational motion transferred to the PTO. The PTO, by mga

energy exploitation in the Mediterranean area: a wave energf a ball-screw mechanism, transforms the linear motionhsf t

converter, named PIVOT, based on a pivoting buoy. In principlepiston in the rotational motion acting on the generator. Thallb

such kind of device may be adapted to the integration withscrew mechanism and the generator are integrated in a whole
dierent types of PTOs. In the actual development of thedevice.

system it has been integrated with a linear PTO based on the A schematic representation of the operating principle of the

recirculating ball-screw technology developed by Umbra @rou system is reported iffigure 9A

s.p.a., a world leading producer of bearings, ball-screvesyst ]

and electromechanical actuators. Numerical Model

In the eld of wave energy, a number of di erent solutions A numerical model based on potential ow theory has been
has been presented. The presented device may be classi ed a#eyeloped, using existing computational codes, in order to
wave actuated body oscillating under wave action aroundeal x analyzed the wave-body interaction in the examined cased.
hinge. Several research activities have been presenteetitire The dynamic behavior of the system may be describedto a rst
on similar topics. The subject of wave actuated bodies has beerder of approximation by the use of a simple equivalent 1DOF

extensively studied in literature. Point absorbers in ledor equation that represents the equilibrium of moments arouhe t

example, represent a common type of wave energy convertBinge axis:

(WEC) and many analytical studies (see for exampténes, R

2002 as well as numerical and experimental researches have been I D MegxtC M3g C Mg C MpT0

reported (see for exampléntorre et al., 2004; Hager et al., 2p12

The concept and modeling of hinged WECs has been explorefhere:

for example inViarquis et al. (2010), Hansen and Kramer (2011), | js the rotational inertia around the hinge axis accountiog

Signi cant height, H (m)

Hardisty (2012)andlonescu and Ngwenya (2014) the hydrodynamic added mass also;
o Mext is the external moment due to waves excitation forces
A Preliminary Resource Assessment (di ractive and Froude-Krylov forces);

Several analyses about wave energy resource on the ltaiatat Miad IS a term accounting for the radiation force, which should
areas may be found in literature. For examplgypa et al. (2015) be corrected for viscous contribution;
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FIGURE 8 | Wave scatter matrix for a Tyrrhenian sea site, near Civitasehia, derived from sea state time histories (2001-2010, EEA numerical model).

FIGURE 9 | PIVOT WEC system operating principléA). PIVOT WEC system small scale test model set-ugB).

Mois a term related to hydrostatic sti ness; A suitable control system has to be implemented in the PTO

MpTo is the moment due to the point pivoted power take-o device, in order to ensure that the force response of the devic

device (PTO); comply with a given control law. The selected PTO system was
is the inclination angle of the support arm of the body. controlled so as to produce a force response proportional to

. . o velocity variation rding to the following relation:
The de nition of the radiation and excitation terms are reta elocity variations, according to the following relatio

to a classical approach to the wave-body interaction problem,

based on potential ow theory. Using such di used approach, Foist D KVpist

the simulation of wave-body interaction is decomposed in the P P

solution of di erent boundary value problems, assuming that awherek is an adjustable gailffis; is the PTO force acting on the
superposition principle may be applied. The potential solutionoscillating piston of the PTO, andps; is the elongation velocity

is written as the sum of dierent terms: (a) the undisturbed of the piston. The gain coe cient may in uence the overall
wave eld (related to Froude-Krylov forces), (b) the pertation  behavior of the system in response to wave action and may a ect
eld due to the presence of the body (related to diraction power conversion performancegst de nes the contribution of
forces), (c) the radiation eld due to the wave radiated bythe PTO to the dynamic equilibrium of the system.

the body motion in a steady free surface (related to radmtio The model takes into account only the shaped buoy,
forces expressed in terms of added mass and radiation dampingleglecting the e ect of the oscillating support arms.

Each problem is solved separately with its own boundary

condition. Some details may be found Berteaux (1976and Test on Reduced Scaled Model

Faltinsen (1990)The solution procedure is based on a boundaryin order to better understand the physical behavior of the esyst
elements method, which allows obtaining the hydrodynamic set of tests have been performed on a scaled model of thesyste
coe cients to de ne each of the contribution to the wave- in an approximately 1:5 scale ratio with respect to expected
body interaction forces. A time domain solution is further larger scale prototype. A picture of the model set-up is reported
performed to solve for the e ective dynamic response of thén Figure 9B Detailed results of the tests have been reported
system. in Coiro et al. (2015) An experimental test campaign was
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performed in the towing tank facility available at the Depagtmh e ect is much larger for reduced scale prototype than larger
of Industrial Engineering, of the University of Naples. Thisone.

facility has a wave generator capable of producing waves with

variable frequency and amplitude. A moving wall wave generataQptimization Based on Potential Flow

is placed at one end of the basin. The wave generator is ab}belmulation

to reproduce dierent sea states, and its operating limits ar

) A numerical optimization procedure has been implemented in
reported below:

order to search a suitable system con guration for a givea se
Operating frequency interval: 0.35-1.2 Hz condition. To perform the optimization, the commercial code
Maximum wave height: 0.6 m (also depending on frequency) ModeFrontier, by ESTECO SpA, has been used in cooperation
. . with Umbra Cuscinetti SpA.

To characterize the power production performance of the system The assumed sea state is extremely simpli ed and is assumed

the absorber is equipped with a potentiometer al_nd itis !ink_ed t% be representable by a monochromatic wave of given frequenc
the buoyantbody by means of a Ioa_d cell POWETIS then mdyec_t and amplitude. This approach has been chosen for design
measured as the product of force times velocity. Wave etavati pl#rposes in order to reduce the amount of simulation time

is measured by means of ultrasonic probes and the movements&

. S - ~ . during multiple simulation runs, and the complexity of an
the buoyant body around its equilibrium position are primarily irregular sea state. It has to be noted, however, that this is

measureq by the potennomgter mounted on .the piston durlnga strong approximation and that the e ect of irregular waves
wave testing (for some speci ¢ purposes, during the tests,roth ay have a signicant impact on the nal e ective power

displacement measuring equipment have been used, such a%tﬁput
laser distance measuring system). Then, all these measatsm The optimization process has been applied to a system with

are collected and compared with numerical results, the dimension of a possible real scale prototype, with a width

The PTO device has been simulated for the major par ed to 5m, a length of about 3m and a submerged volume

of the test campaign by means of a pneumatic actuator. Thgf about 4 n¥. The width of the buoy was xed to account for

actuator s d_rlven by an analog control system,_w_hlch appl3f)ossible limitation on the available installation site andso the
the chosen linear control law and allow the variation of thenumber of installable systems

force-spegd gain to modify system response. The controlrsyste In the search process, for every examined con guration
takes as Input the_ measurements of the load cell anc_i of th§ shape is generated and an initial equilibrium condition
potentiometer and implements a feedback control algorithm 95 found. With respect to this equilibrium condition a

ensure the appropriate instantaneous force response acwatiﬂﬁearized hydrodynamic analysis is performed. A surface

EEE con;[rolllled valv%s of the ptne?matlcl?st(t)t:]_ At:he ?a(;ng t'tm?nesh is generated for the geometry, which is split into two
€ controfler provides an output signal for the estimated qns parts distinguishing between di ractive (underwater) andmo

speed. . . ) __diractive elements. The radiation and diraction problems
Twotestlng con guratlpnsv.vere.developed.a.md studied QUrln re solved to obtain the related hydrodynamic coe cients
the e_xpenmental analysis, with di erent position of th_e hirsge (added mass and radiation damping, for radiation problem, and
r(_elatlve o the wat(_er ffee surface. In bqth con guratlonhet_ di ractive forces coe cients) for just the frequency of intese
simulated .PTO device is allmost perpendicular to the su.pport'n%ssuming a regular monochromatic wave, in the analysis of
ams’ .bUtt;]n on; con guratlﬁon the suhpport arms ?re ?Onzomalll’the radiation forces the convolution method, more proper for
\'1'th € ml' (ej other-one etfarmlsq avi an Irt])ctltna lon altng_eirregular seas, has not been used and the radiation forces hav
€ Inclined arms con guration has shown beter resulls iNyqq, agtimated using the response amplitude operators and the

the pe_rformed test. Such beha_wor IS prob.ably related to thﬁydrodynamic coe cients related to the prescribed incoming
possibility to exploit both the vertical and horizontal wawede wave frequency

actions, while for the horizontal arms model only the veatic A time domain simulation is then performed using the

component ISe ective In practice. linearized coe cients previously estimated for the frequgrof
Several di erent types of test have been performed, the mai e incoming wave, together with a non-linear estimatiorttos

results are related to the estimation of system response amdipo hydrostatic and Fr'ou de-Krylov forces, which are calculaa

OUtEUt' ical potential dat dt . N Ieach integration time-step considering the actual wettatbse.
i tur::enca hpo en tla bow_ aa} Son:pare do experlm(?[n a’t uring time simulation the mechanical non-linearity due ttoe
ests ta\t/e S ?Wnl fo e nre aollvey gocf) agreemcfan WIR ect of the hinge and of the pivoting generator piston are taken
respect 1o natural lrequency and wave fdrequency 1or mag,, o-count. Power output is estimated by post-processing time
power (mean and instantaneous), but the value of the power. :
) . . . Simulation results.

from simulations is almost double than experimental one. . .

L . oo The following parameters have been accounted for in the
Part of this issue is probably related to an overesumatlor(l) timization brocess:
of the velocity, and thus of the force at the absorber, in the P P )
simulations, since no viscous e ects were introduced. A Body mass (related to submerged volume at initial equilitori
much better agreement between numerical and experimental condition)
results may be observed for large scale prototype, as PTO force-speed gain

reported below indicating that the inuence of viscous Body shape
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The position of the center of gravity is assumed to be constant The larger computational costs of the CFD suggest its use
together with the assumed principal moment of inertia. Onlgth for detailed analyses of specic cases of interest, while for
overall mass of the body is changed through the optimizatioroptimization purposes the potential ow approach seems to
process. be more indicated. Despite the lack of accuracy in predicting
The geometry of the PTO connection, involving the lengththe exact value of system response, the potential ow model
of the support arms and the position of the piston attachmentis able to capture the overall trend of system behavior
points, is leaved unchanged. A linear PTO control law is chpseand to compare alternative con gurations, requiring smalle
de ned by the value of the gain relating speed and generatoccomputational resources.
required force.
With respect to the shape of the body, only the cross-sectioharge Scale Prototype
shape is varied, leaving unchanged the transversal length After the rst small scale test campaign, aimed to focus the
order to fulll possible size constraints (for example, due tomain issues and the overall system behavior and to simuiatio
the available site extension). A B-spline curve, de ned by 1Bodel set up, a larger model was developed, in cooperation
coe cients, is used to parameterize the cross-section shéffeeo with Umbra, within a research program supported by WES
body. In order to reduce the number of optimization parameter,organization (Wave Energy Scotland).
only 3 coe cients are varied, changing only the forward paft o Figure 11A shows the large scale model mounted on the
the body, which is supposed to be more in uent in determiningdynamometric cart in the naval towing of the University of
the interaction with the incoming wave. It has to be notedttha Naples.
some problems may arise using such approach and sometimes The model was optimized for a regular wave condition
unfeasible con gurations are generated. Reducing the nurabe with 0.24m wave amplitude and 0.35Hz frequency. Some
parameters may have a positive e ect on such issue. modi cations to the direct results of the optimization havedn
implemented in the nal design, to optimize integration with
the PTO and for constructive reason, simplifying the shape in
RANS Simulations areas, like the rearward part of the body, with lower impact on
Several Unsteady Reynolds Averaged Navier-Stokes (URANS)drodynamic performances.
simulations were performed on the buoy con guration, usihgt The developed numerical model was enhanced where needed
commercial code StarCC®|, with similar assumptions as for the also taking into account the information gathered in thetrsin
potential ow model. These simulations were made to try todak of tests.
in account viscous e ects due to buoy movements into water. The prototype buoy shape and dimensions, given the
Due to symmetrical properties of the problem, only one half ofoperating conditions, were chosen comparing several salstio
the real physical water tank was reproduced. In the simulatedbtained using the developed shape optimization numerical
wave tank, the buoy can rotate around a hinge due to wavesrocedure.
actions. Di erent computational grids were tested and one was Final manufactured con guration was slightly changed for
chosen which assure the better combination of accuracy &id C manufacturing reasons and for better coupling with ball-
time. In general, grids have a background and a superimposextrewing based electrical generator.
grid (overset grid approach), which allows the buoy oating The main results of the tests were the system power output
movements: the buoy is completely contained in the oversdt gr and the conversion e ciency.
(Figure 10A). Each URANS simulation run for about 30s of A resistor bench has been used to de ne a control law for the
simulation time, requiring about 2 days on a 64 CPUs devicegenerator force response. Electrical load was changed firygset
Di erent turbulence models were also tested and&-model the bench electrical resistance value.
was chosen. During simulations, data about hinge rotationa An approximate linear relation between force and velocity
angle and center of gravity (CG) position were recorded ands established using an adjustable electrical load by mefas o
used to evaluate mean and max available power. In the URANSsistor bench (real relation shows also a variation with pisto
simulations, e ects of PTO device were also accounted fog in speed for a xed electrical load).
way similar to that used in the potential ow simulations. The system was equipped with a load cell and a potentiometer
Several analyses have been performed, both on the sm@lvVDT type) on the piston in order to measure force and
scale and on the full-scale system model. A summary of sontisplacement (and velocity by dierentiation) to estimate
results is reported ifrigure 10Bin terms of oscillation amplitude mechanical input power. Moreover, 4 tri-axial load cells were
as a function of incoming wave frequency with no PTO loadused to estimate the forces exerted by the wave directly en th
A large overestimation of predicted oscillations using ptiggn buoy in order to evaluate the e ciency of the buoy.
ow theory may be seen in the case of the small-scale model, Wave characteristics were monitored by multiple capacitive
particularly around the peak frequency. On the contrary, verywave gages system (8 in total) in a suitable array arrangemen
good accuracy can be seen regarding CFD numerical results. capture eventual directional patterns and to study wave
This situation is particularly true for small scale modelslefior  re ections.
larger model the di erences between the two approaches tends to For the highest tested wave amplitude (0.24 m with 0.35Hz
vanish, as shown later in the paper, indicating that viscous®s e frequency) a mechanical peak power of about 6.5 kW has
play a more important role for small-scale model test. been observed, with an average mechanical power of about
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FIGURE 10 | CFD model computational grid(A). Comparison of potential ow, CFD, and experimental resultsn terms of piston oscillation amplitude as a function of
wave frequency with no PTO loadB).

FIGURE 11 | Wave tank experimental test on large scale modglA). Global conversion ef ciency in regular wave tests, as a furtion of wave frequency for different
electrical resistance load. Wave amplitude 0.15 n¢B).

2.6 kW. Based on wave available power, a buoy mechaniahplitude and 0.35Hz frequency. A good agreement may be
conversion e ciency of about 74% may be estimated in thisobserved at least for this speci ¢ case, although it has toobech
speci ¢ condition. In the same conditions the measured agera that some slightly larger di erences appear for some condgion
electrical power output reached a value of about 2.0 kW, with aver the whole range tested.
PTO e ciency of about 77% leading to an overall e ciency of  Reported data are related to tests in regular waves. It has
69%. to be noted that, considering irregular sea states with |essi

It has to be noted that a signi cant dependence on wavdarge variation in instantaneous surface elevation, cosioe
frequency has been observed, as expected for a resonatmgiency and power output may be signi cantly reduced. One
behavior. The power production rapidly decreases away from thef the most relevant issues observed with the tested device
power production peak frequency (about 0.35Hz, but variablés the possible very large di erence between the average and
with the PTO damping)Figure 11Bshows the global conversion peak power output and forces on the PTO. Such issue requires
e ciency (wave-to-wire), in percentage, as a function of wav further studies in order to de ne and implement a proper control
frequency for di erent electrical resistance and for 0.15@ve  strategy to mitigate, if possible, the peak-to-average poatér.r
amplitude. The global conversion e ciency is de ned as théioa Tests in irregular wave conditions have also been performed.
of the electrical power output to the average power transportefigure 13A shows the large dierence observed between
by the wave, thus accounting for both the conversion e cignc maximum and average power for Pierson-Moskowitz spectrum
of the buoy and the generator electrical e ciency. sea states with 0.25m signi cant height and dierent peak

Typical measured and computed time histories of pistorfrequency. FinallyFigure 13B reports the global e ciency in
oscillation velocity and output power are reported inthe case of irregular sea states. Two spectrum models are
Figures 12A,B under a wave condition with 0.2m wave considered, JONSWAP and Pierson-Moskowitz, both showing a
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FIGURE 12 | Numerical (potential theory)—experimental comparison.i§ton velocity time histories(A), instantaneous power time historiegB). [AD 0.20m,
fD 0.35Hz, KD 90,000 N/(m/s)].

FIGURE 13 | Comparison between measured average and max mechanical poer for irregular sea states, for constant signi cant height{s D 0.25m) and variable
peak frequency (Pierson Moskowitz spectrumfA). Global measured conversion ef ciency, for irregular sea stes (B).

slight reduction of performance with respect to the regulaa se Mediterranean installation sites have been explored. Promisi
state case. results have been obtained, although some problems still
A further development of the project is planned afterneed further investigations. Two case studies have been
laboratory tests. In particular, a prototype to be tested inimar presented.
environment is currently under construction for the deplogmt In the case GEMSTAR tidal device, a oating submerged
on a breakwater in Civitavecchia harbor. For a 5m wide devicdurbine system at TRL 7, problems may arise in the design
with the wave climate at Civitavecchia (see par. 3.1), thimattd  of the mooring system and structural optimization, as a
annual energy production is equal to about 14,000 kWh/ydar. Iconsequence of the high loads due to turbine thrust and nexglii
has to be noted that the planned tests are aimed at the evaiuati buoyancy. Further undergoing studies are involving bldukpe
of the overall system behavior in real environment and only @ptimization also in connection with the generator control
limited set of operating conditions over a limited time exten strategies aimed to reduce costs keeping blades pitch xed to
will be considered for the initial test, thus potentially timg the  reduce global system capital cost and O&M.

e ective harvestable energy. The PIVOT WEC system at TRL 5, also shows promising
possibilities for low energy sites typical of Mediterranean
CONCLUSIONS Sea, even if some issues are still under investigations. A

problem for this type of device is related to the strong
A brief review is presented of the experience gained ovefependence of the response on the sea state frequency,
several years of applied research in the eld of marine energyhich may require site specic optimization and may yield
performed at Department of Industrial Engineering of Univéysi Poorer energy production performances. Moreover, the problems
of Naples in cooperation with non-pro t research consortium arising from the large dierence between average and peak
SEAPOWER scrl participated by the same University. Bothesponse requires further undergoing studies, which will
tidal and wave energy have been considered and sevef@yolve strategies aimed to upgrade the PTO to smooth
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out the large dierences between maximum and averagAUTHOR CONTRIBUTIONS

output power and also to optimize the control strategy.

Issues with survivability in storm conditions need alsothar
investigations.
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